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ABSTRACT

The overall objective of this contract effort is to determine
and recommend preferred matrix materials and operating conditions under
vhich Americen Cyanamid AB-4O electrodes would be capable of 2000-hour
performance, in a total module having a weight-to-power ratio substan-
tially lower than those presently available for space environment.

Several new matrix materials were evaluated and included in
a life testing program. The electrodes and ‘matrices were life-tested in
small cells at current densities up to 600 ma/cm?, end factors contrib-
uting to performance stability investigated.

A nev, five-gtation, faecility for life testing in battery-size
single cells was designed, constructed and checked out. Cell assembly

problems were studied.



2.1
2.2

2.3

3.

3.1

3.2

3.3
3.3.1
3.3.1.1
3.3.1.2
3.3.1.3
3.3.1.4
3.3.1.k.1
3.3.1.k.2
3.3.1.4.3
3.3.1.h.4
3.3.1.h4.5

TABLE OF CONTENTS

SUMMARY

INTRODUCTION

Prior Work
Objectives

Scope

SMALL CELL TESTING

AB-40 Electrodes

Preliminary Matrix Evaluations

Life Testing

Atmospheric Pressure Life Testing
Test Conditions

Test Cells and Stations

Test Procedures

Test Results

Test with ACCO-I Asbestos Matrix
Tests with Fuel Cell Asbestos Matrix
Tests with Quinterra Asbestos Matrix
Tests with Ceria-PTFE Matrix

Tests with Ceria~PTFE-PCTFE Matrix

[« AN S BRI

10
11
11
11
12
1k
15
15
18
2l

23



TABLE OF CONTENTS

(Continued)
Page
3.3.1.4.6 Test with Potassium Titanate-PTFE Matrix 23
3.3.1.5 KOH Concentration Gradient 23
3.3.1.6 Carbonate Build-Up During Life Tests 25
3.3.1.7 Crystallite Size of Life-Tested Electrodes 26
3.3.2 Pressure Life Testing 5k
3.3.2.1 Tests with Fuel Cell Asbestos Matrix Sk
3.3.2.2 Tests with Quinterra Asbestos Matrix 54
3.3.2.3 Tests with Ceria-PTFE Matrix 55
b, LARGE CELL TESTING 68
b1 Test Stations 68
b2 Test Cells T0
L.3 Test Results 71
4.3.1 Tests with Quinterra Asbestos Matrix T2
b.3.2 Tests with Fuel Cell Asbestos Matrix Th
4.3.3 Test with Ceria-PTFE Matrix 75

5. REFERENCES 88



Table

3-1

3-3
3-4
3-5
3-6
b-1

b2

LIST OF TABLES

Title

Properties of New Matrices

Small Cell Life Tests at Atmospheric Pressure

KOH Concentration Gradient

Conversion of KOH to K;CO3 and Performance Stability
Average Crystallite Size of Life-Tested Electrodes
Small Cell Pressure Life Tests

Assembly Conditions for Six Inch Pressure Cells

Large Cell Pressure Life Tests

28
29

34
35
58
76
1T



Figure

3-9

3-10

3-11

3-12

LIST OF FIGURES

Title

Loss of Matrix Area in 60% KOH at 125°C

Small Cell Life Test at Atmospheric Pressure:
ACCO-I Asbestos Matrix: 100°C: 100 ma/cm?

Small Cell Life Test at Atmospheric Pressure:
Fuel Cell Asbestos Matrix: 100°C: 100 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Fuel Cell Asbestos Matrix: 93-100°C:
200 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Fuel Cell Asbestos Matrix: 90-100°C:
300 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Fuel Cell Asbestos Matrix: 90-100°C:
300 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Quinterra Asbestos Matrix: 100°C: 200-300
ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Quinterra Asbestos Matrix: 100°C: 400 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:

Quinterra Asbestos Matrix: 100°C: 600, 400 and

100 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Quinterra Asbestos Matrix: 80-100°C:
600 ma/cm?

Small Cell Life Test at Atmospheric Pressure:
Quinterra Asbestos Matrix: 90°C: 600 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:
Ceria-PTFE Matrixt 100-125°C: 200 ma/cm?

36
37

38

39

ko

L1

b2

L3

bk

k5

L6

b7




Figure
3-13
3-1k
3-15
3-16
3-17
3-18
3-19
3-20

3-21

3-22

3-23

3.2

3-25

3-26

3-27

LIST OF FIGURES

(Continued)

Title

Small Cell Life Tests at Atmospheric Pressure:

Ceria-PTFE Matrix: 125°C: 300 ma/cm?

Small Cell Life Test at Atmospheric Pressure:
Ceria-PTFE Matrix: 150°C: 100 ma/cm?

Small Cell Life Tests at Atmospheric Pressure:

Ceria-PTFE-PCTFE Matrix: 125-150°C:
100-200 ma/cm?

Conversion of KOH to K;CO03 During Life Tests
Crystallite Size of Life-Tested Anodes
Crystallite Size of Life-Tested Cathodes

Two Inch Pressure Cell: Square Design

Two Inch Pressure Cell: Round Design

Two Inch Pressure Cell: Round Design

Small Cell Pressure Life Tests: Fuel Cell
Asbestos Matrix: 100°C: 100-200 ma/cm?

Small Cell Pressure Life Tests: Quinterra
Asbestos Matrix: 100°C: 100 ma/ecm?

Small Cell Pressure Life Tests: Quinterra
Asbestos Matrix: 100°C: 200 ma/cm?

Small Cell Pressure Life Tests: Ceria~PTFE
Matrix: 125°C: 100 ma/cm?

Small Cell Pressure Life Tests: Ceria-PTFE
Matrix: 125°C: 200 ma/cm?

Small Cell Pressure Life Tests: Ceria-PTFE
Matrix: 125°C: 300 ma/cm?

48
kg
50
51
52
53
59
60

61
62

63

6k

65

66

67



ka1
h.2
43
ol
b5
L-6
b7

4.8
4-9

4-10

LIST OF FIGURES

(Continued)

Title

Large Cell Pressure Life Test Stations
Large Cell Pressure Life Test Station
Large Cell Pressure Life Test Stations
Vaporizer Design

Six Inch Pressure Cell: Original

Six Inch Pressure Cell: Modified

Large Pressure Cells - Configurations Used
for Test Assemblies

Initial Performance of Quinterra Asbestos Matrix
Initial Performance of Fuel Cell Asbestos Matrix

Large Cell Pressure Life Tests

78
79
80
81
82
83
8L

85

87




1. SUMMARY

Research effort was directed toward determining and recommending
the combination of matrix materials and operating conditions most likely
to result in high sustained performance of American Cyanamid AB-L0 elec-
trodes for 2000 hours or more at temperatures up to 200°C, pressures up
to 60 psig and current densities up to 1000 ma/cm?®. The experimental
program included preliminary evaluation of potentially suitable matrix
materials and life testing at atmospheric pressure and at U5 psig. The

major findings of this program are summarized below:

I. SMALL CELL TESTING

A. PRELIMINARY MATRIX EVALUATION

1. Matrices available at the start of the contract period included
Fuel Cell Asbestos and Quinterra Asbestos which provide stable performance
for more than 2000 hours at 100°C, and Ceria-PTFE which yields stability
for approximately 1200 hours at 125°C and LOO hours at 150°C. Accordingly,
several nev matrices were introduced into the program with the approval
of the NASA Project Manager for the primary purpose of obtaining stability
for at least 2000 hours at temperatures above 100°C. These included
Ceria—PTFE—PCTFE,(a) potassium titanate-PTFE, PTFE-PCTFE, and PTFE,

All possess either a very good or a satisfactory combination of porosity
(75-85%), ohmic resistivity (0.06-0.16 chm-cm?), and room temperature
bubble pressure (7-30 + psig) and exhibit negligible shrinkage in water

or in KOH at room temperature.

() Cerium oxide - polytetrafluoroethylene - polychlorotrifluorcethylene



2. Corrosion tests indicated the Ceria~-PTFE-PCTFE and the potassium
titanate-PTFE matrices to be potentially useful up to 150°C and 100-125°C
respectively. Based on published corrosion data the PTFE-PCTFE and PTFE

matrices are potentially useful up to 150°C and 200°C respectively.

B. ATMOSPHERIC PRESSURE LIFE TESTING

1. Atmospheric pressure life tests were conducted in 26 cm? active
area cells., Major emphasis was placed on attaining (1) stable performance
with the Fuel Cell Asbestos, Quinterra Asbestos and Ceria-PTFE matrices
for current densities at which stable performence had not been achieved

for any period of time under the previous NASA contracts(l’Z) (i.e.

at
current densities above 100, 300 and 200 ma/cm? respectively) and (2)
stable performance with the new matrices at temperatures above 100°C.
For this program, stability was defined as a voltege loss not exceeding
80 mv during 2000 hours. Accordingly, the voltage decline rate should
not exceed 4.0 mv/100 hours.

2. In a test which had started under the previous contract,(z)

the
Fuel Cell Asbestos matrix yielded stable performance at 100 ma/cm? for
9700 hours at 0.94-0.78 v. Stability with this matrix was extended to
200 ma/cm? for 600 hours and to 300 ma/em? for 40O hours. The voltage
level at 300 ma/cm? was 0.8L v.

3. Steble performance was achieved in duplicate tests with the
Quinterra Asbestos matrix at very high current density (L0O ma/cm?) for
1000-1300 hours. Kear-stable performsnce was attained for 2000 hours.
The voltage, initially 0.85 v, was 0.73-0.76 v at the end of the 2000

hour period.




Considerable progress was made toward achieving stability at
still higher current density (600 ma/cmz) with this matrix. The lowest
overall decline rate was 8 mv/100 hours during nearly 700 hours at a
voltage level of 0.77-0.72 wv.

b, At least part of these improvements in stability are obtained
by minimizing electrolyte concentration gradients from anode to cathode.
Gradients below four percent KOH can be maintained even at 600 ma/cm?
(Quinterra Asbestos matrix) by: (1) humidifying the inlet reactant gases
at dev points yielding equilibrium concentrations not more than 5% KOH
above the nominal concentration, (2) employing nominal concentrations
close to that yielding maximum conductivity and (3) minimizing the dif-
fusion path without causing matrix breakage or gas cross lesaks.

5. The Ceria~PTFE matrix has not ylelded stable performance in
tests at 125°C and 300 ma/cm?. Voltage decline rates were mostly 6-7
mv/100 hours during 400-T00 hours at average voltages of 0.83-0.88 v.

6. The Ceria-PTFE-PCTFE matrix was found to be unsuitable for
long term performsnce at 125°C because it repeatedly broke within 40O

hours after test start-up.

C. PRESSURE LIFE TESTING

1. Especially high stable performance was achieved in 26 cm?
active area cells at L5 psig for periods up to 1300 hours, limited
mostly by mechanical difficulties. Stable voltages at 100°C

(Quinterra Asbestos matrix) and 125°C (Ceria-PTFE matrix) were 0.98-0.99 v



at 100 ma/cm? and 0.94-0.95 v at 200 ma/cm? with 50% KOH electrolyte.
Operation at higher electrolyte concentration (60%), at 125°C, raised the

stable voltages to 1.02 v and 0.99 v respectively.

II. LARGE CELL TESTING

1. A nev five station facility for life testing battery-size elec-
trodes was designed and conatructed. The stations can be operated with
either dry or humidified gases at pressures up to at least 60 psig.

2. Several test cells, unsuitable at the start of the contract,
were modified to permit greater compression of the matrix and to protect
against hydraulic rupture of the matrix in the segment area.

3. Gas cross-leakage prevented test start-up in a large number of
assemblies with 20 mil Quinterra Asbestos matrices. Examination of the dis-
assembled cells showed physical breakage of the matrix in many instances.
Better sealing was obtained with 30 mil thicknesses of the matrix.

L. Two life tests with Fuel Cell Asbestos and Ceria-PTFE matrices

using dry inlet gases had high voltage decline rates.




2. INTRODUCTION

2.1 Prior Work

Light-weight fuel cell batteries capable of producing large
quantities of energy appear feasible for space applications. High per-
formance light-weight electrode systems are an essential part of these

batteries. Work completed previously(l’z)

under NASA Contracts
NAS 3-2786 and NAS 3-64T7 showed that American Cysnamid AB-4O electrodes
give high and sustained performance in alkaline matrix-type fuel cells
operating on hydrogen and oxygen. It was esteblished that substantial
initial performance advantages are obtained at current densities up to
300-400 me/cm? by employing high electrolyte (KOH) concentrations (50-
80%). Intermediate temperatures (100-200°C) are required or are pre-
ferable for operation at these concentrations and are also potentially
advantageous for the removal of waste heat and product water from a battery
system. At all current densities, operation at intermediate pressures
(b5-60 psig) provides substantial gains in initial performance without
significantly increasing the estimated weight of a battery system. High-
est initial working voltages obtained at current densities of 100, %00
and 1000 ma/cm? were 1.10 v, 0.95 v and 0.82 v respectively when the elec-
trodes are separated by a matrix of average resistance (ACCO-II Asbestos).
It was shown that attainment of these performance levels for
sustained long term operation depends primarily on the availability of a

suitable matrix. Asbestos matrices (Fuel Cell Asbestos, Quinterra Asbestos,



ACCO-I and ACCO-II Asbestos) available at the start of Contract NAS 3-6477
imposed an upper temperature limit of approximately 100°C for long term
operation. A new proprietary matrix (Ceria~PTFE) extended this limit to
at least 125°C but not to 150°C. With these matrices, high performance
vas sustained in 26 cm? active area cells st atmospheric pressure for 1200
hours or more, both at 100°C forlcurrent densities up to 300 me/cm?, and
at 125°C for current densities up to 200 ma/cm?. Performance stability
was demonstrated at higher temperature (150°C) for up to 400 hours, end
at higher pressure (45 psig) for up to 580 hours. A battery-size cell
(234 em? active area) was operated stably at atmospheric pressure for
1000 hours. DBased on the sustained performance level achieved either at
atmospheric pressure (0.97-0.87 v at 100-300 ma/cm? respectively) or at
45 psig (1.03-1.00 v at 100-200 ma/cm? respectively), it was estimated
that a total 2 KW module which might incorporate the AB-LO electrodes
would weigh, exclusive of fuel and related tankage, less than 50 LB/net KW.
Attainment of still better sustained performance appeared to
depend on the further development of improved matrices capable of opera-

ting at 150-200°C and/or at current densities above 300 ma/cm?.

2.2 Objectives
The primary objective of this contract is to determine and

recommend the combinations of matrix materials and operating conditions
most likely to result in the high sustained performance of AB-U0 elec-

trodes for 2000 hours or longer at temperatures up to 200°C, pressures




up to 60 psig and current densities up to 1000 ma/cm?. Performance
stability is defined as a voltage loss not exceeding 80 mv during 2000

hours.

2.3 BScope
The scope of work to be done by American Cyanamid Company is

shown in the following description which is a condensation of the

Schedule of Work for Contract NAS 3-852k.

The contractor shall make aveilable, a total of five (5) 6" x 6" active
area pressure cells, and four (i) 2" x 2" active area pressure cells
and their associated test rigs. The nine designated cells will be used
to perform continuous life tests under conditions approved by the NASA
Project Manager. Cells which operate satisfactorily will continue on
test for 2,000 hours, after which new cells will be substituted so that
the maximum smount of testing can be accomplished within the period of
performance., Atmospheric pressure endurance tests shall be performed
in the twelve (12) 2" x 2" cells which were made availsble during
Contracts NAS 3-2786 and KAS 3-647T.

As a parallel effort performed over the first six months of the contract
period, the contractor shall investigate promising electrolyte matrix
materials. Materials will be evaluated first by immersion in KOH solu-
tions. Those which perform satisfactorily will be tested in 2" x 2"
atmospheric pressure fuel cells and if still promising, will be
factored into the life test program.

At the conclusion of the life test program, the contractor shall recom-
mend operating conditions which appear to deliver the best combinations
of cell life and efficiency.



3. SMALL CELL TESTING

Small cell testing included preliminary matrix evaluations and
life testing at atmospheric pressure and at 45 psig. "Two-inch cells”

having an active area of 26 cm’? were used in this work.

3.1 AB-kQ Electrodes

American Cyanamid AB-U0 electrodes, used as both anode and
cathode, were employed previously under NASA Contracts NAS 3-2786 and
NAS 3-6477: 1In the former contract they were known as "high loeding elec-
trodes". The electrodes contain 40 mg Pt catalyst/cm? and one third as
much PTFE used as a binder-waterproofing agent. This waterproofing and
a high degree of porosity in the electrodes provide suitasble contact
among gas, catalyst and electrolyte. The catalyst-waterproofing mixture
is supported on a 24 mesh, 1lk-mil wire, nickel screen plated with 0.05 mil

of high temperature gold. The electrodes are 28 mils thick.

3.2 Preliminary Matrix Evaluations

The evaluation of matrix materials was aimed at extending the
temperature range for stable performance up to 125-200°C for 2000 hours
or more. Towards this end, four new proprietary matrices, similer in
structure to the Ceria~PTFE matrix, were introduced into the evealuation
program. They included (1) 90/5/5 Ceria-PTFE-PCTFE, (2) 95/5 Potassium
Titanate-PTFE, (3) 50/50 PTFE-PCTFE and (i) PTFE. Both of the all-

fluorocarbon matrices do not wet in KOH. Therefore, they were wetted by




incorporating either of two commerciel perfluorinated surfactants, designated
FC-95 and FC-128 (3 M Company), in the electrolyte. These surfactants
appear to be potentially most suitable for use at temperatures up to
150-200°C, Table 3-1 compares the properties of the new matrices with those
of the Ceria~PTFE matrix. All possess a good combination of‘high porosity,
low ohmic resistance, and high bubble pressure at room temperature. The
Ceria-PTFE-PCTFE and potessium titanate-PTFE matrices have approximately the
same bubble pressure and cell resistance as the Ceria~PTFE matrix. The
PTFE~-PCTFE matrix has similar bubble pressure and somewhat lower registance.
The PTFE matrix has lower bubble pressure and higher resistance.

Like the Ceria-PTFE matrix, the new matrices as prepared are
saturated with water and are equilibrated directly in KOH solution at
room temperature before being sssembled in the cell. The Ceria-PTFE matrix
shrinks in water, losing 17-23% of its area. Equilibration of the matrix
in 50% KOH causes an additional area loss of 10%. The four new matrices
have better room temperature shrinkage properties, losing less than 10% of
their ares in water or in KOH. All five matrices stop shrinking within
70 hours. Greater shrinkage occurs at higher operating temperature (125°C)
and KOH concentration (60%). Figure 3-1 shows the loss of area with time
for each matrix. The data for each curve is averaged from 3-6 samples of
a given matrix batch, Two different batches were tested for all matrices
except Ceria-PTFE. Within periods up to 330 hours, the PTFE matrix loses

less of its area (15-30%) than the Ceria-PTFE, Ceria-PTFE-PCTFE, and
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PTFE-PCTFE matrices (40-62%). Nearly all of this shrinkage occurs within
the first 70 hours. The potassium titanate-PTFE matrix has approximately
the same loss of area as the PTFE matrix during 190 hours. Thereafter
this loss accelerated to 50%.

Beaker corrosion tests were run with the Ceria-PTFE-PCTFE and
potassium titanate-PTFE matrices at 100-200°C and 50-75% KOH, mostly for
500 hours. Results are shown in Table 3-1. The Ceria~PTFE-PCTFE matrix
lost 1.4% of its weight at 100°C and 6.5% at 150°C and disintegrated
physically into a precipitate at 200°C. These data indicated the matrix
to be potentially suitable over at least some portion of the range 100-150°C.
The potessium titanate-PTFE matrix lost 10.5% of its weight at 100°C, 18%
at 150°C, and approximately 61%, within 140 hours, at 200°C. Although
the corrosion resistance of the potassium titanate-PTFE matrix is not
outstanding even at 100°C, it was considered sufficient to warrant 1ife-

testing of this matrix at 100-125°C.

3.3 LIFE TESTIKNG

Small cell life tests are conducted to obtain sustained high
performance at the highest current densities and temperatures feasible
with available matrices. Stability is defined in Section 2.2 as a volt-
age loss not exceeding 80 mv during 2000 hours. Accordingly, the overall
voltege decline rate should not exceed 4.0 mv/100 hours. A secondary

objective is the determination of operating veriasble effects on perfor-

mance stability.
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Life tests at atmospheric pressure and at pressures sbove

atmospheric are discussed separately below.

3.3.1 Atmospheric Pressure Life Testing

3.3.1.1 Test Conditions

During the current period, major emphasis was placed on (1)
attaining stable performance with previously available matrices (Fuel
Cell Asbestos, Quinterra Asbestos, and Ceria-PTFE) at current densities
above those achieved under the prior NASA contract(z) (i.e., sbove 100,
300 and 200 ma/cm? respectively) and (2) atteining stable performance
with new matrices at temperatures above 100-125°C.

Tests vere conducted at 90-150°C, 30-67% KOH and 100-600 ma/cm?
with humidified inlet geses. In all tests, the electrodes were pre-wvet
with electrolyte, to 15-25% of their weight, before they were assembled

in the cell.

3.3.1.2 Test Cells and Stations

The tests are carried out in gasketted flat-plate cells at 10
stations equipped with water saturators for humidifying both hydrogen
and oxygen. The cell and station designs have been described previously(l’z)
in detail. The hydrogen is a pre-purified grade (Airco) containing
approximately 3 ppm CO,, 1 ppm CO and 0.1 ppm O;. The oxygen (Airco)

contains approximately 5 ppm of COz. In order to remove CO;, both gases
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are passed through Ascarite scrubbers in the gas manifold and then through
liquid caustic scrubbers located at each station. The Ascarite is changed
if it vhitens, indicating a loss of activity. Caustic solutions are
changed, every 2-5 days depending on the gas flow rate, if they become

cloudy from carbonate precipitation or too concentrated and cause foaming.

3.3.1.3 Test Procedures

Prior to start-up, a polarization curve is run on dry gases at
current densities up to 1000 ma/cm?. The test is then run on humidified
gases at constant current. Cell voltage and temperatures are monitored
continuously and are recorded daily. Cell internal resistance and
saturator temperatures are recorded daily.

Product water formed by the cell reaction is removed by vapor-
ization into an excess flow of reactant gases. In nearly all tests, both
gases enter the cell at the same dew point. Under these conditions, the
total flow of inlet gas is computed from Equation (1).

7.6 I (1 + 1.5 Ye)
Fi =

Ye = Yi (1)

where Fi = total inlet flow of Hy + 0, (cc/min at 23°C + 0 psig)

I = cell current (amps)
] moles H,y0 Pi°
Yi = humidity of inlet gas | ——————| =
mole gas T760-Pi°

L
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moles Hzo] Pe®
Ye = humidity of exit gas —_—_1 =

mole gas J T60-Pe®
vhere P1° and Pe® = vapor pressure of water (mm) in the inlet gases and
in the cell respectively.

The vapor pressure of the inlet gases depends on the saturation
temperature. The cell vapor pressure depends on the cell tempersture and
the nominal KOH concentration to be maintained. Vapor pressures at 100°C
and 30-60% KOH were taken from the International Critical Tdbles.(3)
Vapor pressures at 125-200°C and 50-80% KOH were taken from established
(h)

extrapolations.

The flow of each reactant gas leaving the cell is calculated

according to Equations (2) and (3)

S
. = - . 2
for hydrogen:F . F, -1 61 (2)
S+1
Fy
for oxygen:F , = - 3.81
S+ 1

where Fe + F exit flow rates of

H e0
cc 1
Hy and O, respectively | — at 23°C & 0 psigJ
' min
ceC

S8 = inlet flow ratio of H;/0; | — (3)

cc
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The exit flows are measured at least twice weekly with high accuracy by
means of & Vol-U-Meter flow rate calibrator (G. H. Porter, Inc.) and
adjusted if necessary to the proper level. In addition, approximate
checks of all gas flow rates are made at least daily using precision

rotameters.

3.3.1.4 Test Results

Table 3-2 summarizes test conditions and results. The table
shows initial and final voltages and average voltage decline rates. The

"initial voltage" is the maximum voltage obteined within 100 hours after

the start of the test. In most runs where the electrolyte was not con-
centrated within the cell (30-50% KOH), the initial voltage was the same
as the voltage when the cell was first put on load. In runs where the
electrolyte was concentrated within the cell (55-67% KOH), the initial

voltage generally rose to a maximum level. The "average voltage

decline rate" was taken from the average slope of a voltage-time plot.

In most runs, the overall decline rate was well defined despite small
fluctuations. Where these fluctuations were large, the decline rate is
listed as "erratic." The decline rate is listed as "accelerated" in
those few tests where it accelerated throughout part or all of the test
period. Where the voltage decline rate changed during a test, each

decline rate is noted separately. The "final voltage" is the voltage at

the end of a period of defined average voltage decline rate. In most
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runs, this was also the voltage at the time the test was terminated.
An additional "final voltage" is shown at the end of 2000 hours for most
of the tests which ran for that length of time.

Figures 3-2 through 3~15 show voltage-time and resistance-
time curves for nearly all tests which ran more than 100 hours. Test

results are discussed below according to matrix type.

3.3.1.4,1 Test with ACCO-I Asbestos Matrix

Test 2-357, started during the previous contract at 100°C and
100 ma/cm? ran stably for 5000 hours at 0.93-0.94 v (Figure 3-2).
Throughout the test, not including the brief rise in voltage which occurred
at 2800 hours from an inadvertent interruption in the oxygen feed, the
voltage decline rate was 0.4 mv/100 hours. After 5000 hours, the

test was terminated to make the station available for new tests.

3.3.1.4.2 Tests with Fuel Cell Asbestos Matrix

Test 2-32hk was started under the previous contract with Fuel
Cell Asbestos at 100°C and 100 ma[cm?. Performance was very stable for
9700 hours at an overall decline rate of 1.6 mv/100 hours (Figure 3-3).
Thevreafter, the decline rate accelerated and the test was terminated.

Previous, unstable, tests st 200-300 ma/cm? with Fuel Cell
Asbestos(z) were conducted with a 20 mil thickness of the matrix at 100°C
and 50% KOH. The reactant gases had entered the cell in counter-current

flow, humidified at dew points (45-55°C) which limited the meximum
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equilibrium KOH concentration to only 5-10 weight percent below the
solubility 1imit (65%). Under these conditions, voltage decline rates
vere T-25 mv/100 hours at 200 ma/cn2 and mostly 20-30 mv/100 hours at

300 ma/cw?. Instebility was at least partly caused by the relatively

high KOH concentration gradients (mostly L-12%) which formed from anode

to cathode, Under the present contract, lower decline rates were obtained
at 200-300 ma/cm? when the concentration gradient was reduced to below

4% (Table 3-3). This was accomplished by one or more of the following
changes that were made in the operating conditions (1) reduction of

the nominal electrolyte concentration to 30-40% (either with or without

a simultaneous reduction in temperature to 90-93°C) in order to increase
its conductivity (2) increasing the difference between the maximum equili-
brium KOH concentration and the solubility limit to 20-28% by humidifying
the inlet gases at higher dew points (70-72°C) (3) reduction of the elec-
trolyte diffusion path through use of a thinner (15 mil) matrix and (k)
operation with co-current gas flow, mostly with the oxygen feed nearly
dead-ended (exit Hy/0; ratio = 12-18).

Figure 3-4 shows tests at 200 ma/cm?, Initial voltages were
mostly in the range 0.86-0.88 v. Tests 2-L479, 2-476, 2-463 and 2-k58
operated with the usual 20 mil thick matrix at 35-40% KOH, over a range
of exit Hy /0, ratios (1-12) and KOH loadings in the matrix (1.5-2.5 g/g
matrix). (Test 2-458 was run first at 300 ma/cm? for 400 hours). At the

usual KOH loading (1.5 g/g) voltage decline rates were 4,0-T7.T mv/100




-17 -

hours for periods of 328-620 hours. The decline rate in one of these
tests (2-4T79) then accelerated. At the higher KOH loading, the decline
rate accelerated throughout the test (2-476). Test 2-UTT, employing a
15 mil matrix at 4O% KOH and the high KOH loading, had a decline rate of
5.9 mv/100 hours during 640 hours. Thereafter the decline rate accel-
erated.

Tests at 300 ma/cm? are shown in Figures 3-5 end 3-6. Initial
voltages were mostly in the range 0.83-0.86 v. Six tests had decline
rates below 10 mv/100 hours for periods of UO0-900 hours. One of these
tests (2~48T), operating with a 15 mil matrix at 30% KOH was very stable
for 400 hours at 0.84t v and a decline rate of 1.5 mv/100 hours. The
test then became unstable folloving an inadvertent admission of air to
the anode through the hydrogen saturator.

It canle seen that better stability at 300 ma/cm? was obtained
at 90°C and 30% KOH thean at 100°C and 4O% KOH either with 15 mil matrices
(TLT-2-484, - 4T8 and -4Th) or with 20 mil matrices (TLT-2-491, -L458 and
463) under otherwise identical conditions. Additional work is required
to separate the temperature and concentration effects. Nevertheless, the
improvement in performance caused by decreasing the concentration alone,
from 50% to LO% KOH, at 100°C, indicates that the further reduction to
30% KOH was at least partly responsible for improved stability.

Reducing the matrix thickness from 20 mils to 15 mils improved
stability at 100°C and 40% KOH (TLT-2-478, -UThk, -L58 and -U63) and
(TLT-2-L4T73 and -k75). Ko significant effect of thickness was noted in

two tests at 90°C and 30% KOH (TLT-2-484 and -k91).
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At both thicknesses, a KOH loading of 2.5 g/g matrix gave very
low initial performance and much poorer stability than the usual loading
of 1.5 g/g. Reducing the loading to 1.0 g/g improved stability, with the

15 mil metrix (TLT-2-487 and -L8L).

3.3.1.4.3 Tests with Quinterra Asbestos Matrix

Figure 3-T7 shows tests with 20 mil Type 10 Quinterrs Asbestos
at 200-300 ma/cm?.

At 200 ma.{cmz, test 2-420 passed contract specifications,
running stably for 2000 hours at 0.89-0.82 v at a decline rate of 3.h
mv/100 hours. The test was terminated at 2320 hours after caustic solu-
tion from a scrubber accidentally entered the cell. Test 2-425 was stable
for 1100 hours st 0.89-0.84 v. The decline rate then became unstable
(6.3 mv/100 hours) during 1100-2800 hours. (Within this interval a TO mv
voltage rise, at 1400 hours, was caused by an inadvertent interruption in
the oxygen feed.) The decline rate then accelerated and the test was
terminated.

At 300 ma[cmz, one test was very stable for 1000 hours at
0.84-0.83 v with a decline rate of 1.4 mv/100 hours (2-421). The
decline rate was high (6.5 mv/100 hours) during 1000-2150 hours and then
became erratic.

At current densities sbove 300 ma/cm?, voltage stability was
improved by lowering the KOH concentration to 30-40% and raising the

inlet gas dew points to 72°C. (This effect is similar to that described
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sbove for the more dense Fuel Cell Asbestos at current densities above
100 ma/em? and is probably due mostly to the resulting higher conductivity
of the electrolyte.)

Tests at 400 ma/cm? are shown in Figure 3-8. All but one
employed a lower KOH loading (2.0 g/g matrix) than did the fests at
lower current densities (3.0 g/g matrix) since this lower loading gives
much higher initial perfornancc at 400 ma/em?. Thus in four tests at
the reduced loading, the initial voltage was 0.82-0.85 v compared to
0.77 v at the higher loading. The latter voltage level agrees with
those obtained under the same conditions in previous work.(g)

Near-stable performance was obtained for 2000 hours in dupli-
cate tests operating at 100°C and 40% KOH. Thus test 2-ki6 was stable
for 1360 hours at 0.84-0.80 v. Thereafter, this rate increesed to 7.2
mv/100 hours so that after 2000 hours, the overall decline rate was k.5
mv/100 hours. Test 2-451 was nearly stable for 1300 hours at 0.85-

0.79 v and a decline rate of 4.5 mv/100 hours. This rate then increased
to 8.0 mv/100 hours, thereby raising the overall decline rste after 2000
hours to 5.5 mv/100 hours.

By contrast, three tests at 50% KOH and inlet gas dew points
of 55-61°C were unstable throughout their entire duration (TLT-2-4LS,
-44k and -433). One of these (2-445), which was run under otherwise
identical conditions as the tests at 40% KOH, had a decline rate of 7.k

mv/100 hours during 1000 hours. The decline rate then accelerated and

the test was terminated.
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Because of the ecouraging results obtained at L0O ma/cmz,
life tests were run at 600 ma/c 2, FEight tests employed different levels
of KOH concentration (30-40%, temperature (80-100°C), inlet gas dew
point (59-81°C) and exit H,/0, ratios (1-38). All employed an initial
KOH loading of 2.0 g/g matrix. Initial voltages were mostly 0.76-0.80 v
and averaged 0.78 v.

Figures 3-9, 3-10 and 3-11 show test results. Under constant
load, the most promising decline rates (8-12 mv/100 hours for 690-430
hours) vere cbtained in three tests (2-470, -L480 and ~490) operating at
30% KOH and 80-90°C. By contrast, three tests (3-465, ~455 and -457)
which started at 35-40% KOH and 100°C either with the same H,/0, flow
ratio (38) or with a lower ratio (1.0) had higher decline rates (16-19
mv/100 hours).

In duplicate tests at 100°C and L40% KOH (2-468 and -469), water
was fed to the cathode, by humidifying the oxygen stream at 81°C. This
water and the product water were removed by the hydrogen stream humidified
at 67°C. Both tests had accelerated decline rates.

It was found that although high voltage declines at 600 ma/cm?
irreversibly decreased the voltage level at lower current densities, they
had relatively little effect on performance stability at these lower current
densities, Thus tests 2-455 and 2-457 had decline rates of 18-19 mv/100
hours for 300-500 hours. When the load was reduced to 400 ma/cmz, the

initial voltages were 40-70 mv lower than normal. Nevertheless, both
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decline rates at 400 ma/cm? were stable or nearly stable (L4.0-k.h4 mv/100
hours) for 100-300 hours. (The decline rate in Test 2-455 became unstable
after 100 hours when a saturator became plugged and was then un-plugged.)
When test 2-U55 was returned to 600 ma/ecm? but at a higher flow ratio

than at the start (6.0 instead of 1.0), the decline rate was nearly stable
(5.0 mv/100 hours) for 240 hours and then accelerated. The load was then
reduced to 100 ma/cm?. Although the initial voltage (0.90 v) was 30-40 mv

lower than normal, the voltage was very stable for 200 hours.

3.3.1.4.4 Tests with Ceria-PTFE Matrix

Nearly all tests with the 95/5 Ceria-PTFE matrix were run at
125°C. One test was run at 100°C in order to compare the performance of
this matrix with that of the asbestos matrices. A test at 150°C was con-
tinued from the previous contract.

Figure 3-12 shows results at 200 ma/cm?. Test 2-LOL at 100°C
and 50% KOH started at 0.91 v, declined to 0.88 v dQuring the first 30
hours, and has been running stably for the past 200 hours. During this
period, the performance level was the same as that of Quinterra Asbestos
(tests 2-420 and 2-425). Two tests (2-428 and -430) operating at 125°C
and 60% KOH were continued from the previous contract. Test 2-428 was
stable for 930 hours at 0.93-0.90 v and then became unstable. Test 2-L430
was unstable for the first 230 hours and then became very stable for the
next 240 hours at 0.91 v. Following an inadvertent drop in temperature
to 110°C for three hours, the voltage rose to 0.94 v and then declined st

an unstable rate (6.5 mv/100 hours).
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Tests at 125°C and 300 ma[cmz are shown in Figure 3-13. 1In
three tests at 60% KOH, the average initial voltage (0.88 v) was 20 mv
higher than in three tests at 55% KOH. Five of these tests (2-45h, -L60,
<43k, -435 and -438) declined at nearly the same rate (6-7 mv/100 hours)
for periods of 400-700 hours. The sixth test (2-kk9) declined at an
accelerated rate.

One additional test (2-L4T) at 60% KOH employing a higher inlet
gas dew point (61°C instead of 55°C) and a higher H,/0; exit ratio (6.0
instead of 1.0) than the other three, declined at a very high rate for
140 hours. When the gas flow rates were changed to give a 1.0 H;/0;
ratio, and a slightly reduced nominal KOH concentration, the decline rate
was nearly stable (5.0 mv/100 hours) for 280 hours.

In all tests but one, the cell resistance remained nearly con-
stant which indicates that little of the electrolyte had reacted with the
matrix. Nevertheless, in four tests the matrix broke along one or more
edges of the electrodes, following the period of defined voltage decline.
Breskage caused gas cross-leaks which resulted in either an accelerated
decline or sudden test failure.

One test (2-Lkl) was run at 150°C and 100 ma/cm® at 67% KOH
(Figure 3-1k). For 400 hours, the voltage was nearly stable at 1.00-
0.98 v and a decline rate of 5.5 mv/100 hours. The matrix then broke
and the test vas terminated. These results confirm the conclusion reported
preViOUSIy(z) that the present configuration of this matrix is unsuitable

for long term operation at 150°C.
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3.3.1.4.5 Tests with Ceria-PTFE-PCTFE Matrix

Figure 3-15 shows tests with the 90/5/5 Ceria-PTFE~PCTFE
matrix at 125°C, 50% KOH and 200 ma/cm?. Good initial performance
resulted vhen the saturation KOH loading in the matrix (1.1-1.3 g/g
matrix) was reduced to 0.6-1.0 g/g by loading 30-40% KOH into the elec-
trodes and matrix and then concentrating to 50% during the initial
polarization curve. In all tests performance was unsteble and the
matrix broke within 40O hours after start-up. In one test at 150°cC,
67% KOH and 100 ma/cmz, the performance was unstable and the matrix
broke within 120 hours.

These results demonstrate that the present configuration of

this matrix is unsuitable for long term operation at 125-150°C.

3.3.1.4.6 Test with Potassium Titanate-PTFE Matrix

Test 2-495 was started with the 95/5 Potessium Titanate-PTFE
matrix at 125°C, 50% KOH end 200 ma/cm?. The initiel voltage was 0.88 v.

The test has rum 66 hours and is continuing.

3.3.1.5 KOH Concentration Gradient

The cell reaction creates KOH concentration gradients within
the electrodes and the matrix. An "overall" concentration gradient
across the electrode-matrix sandwich was measured at least once in
nearly all tests. In most tests, operating with co-current gas flow,

this gradient was across the exit end of the sandwich. In the few tests
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with counter-current flow, the measured gradient extended diagonally
through the sandwich. The magnitudes of these gradients were estimated
from the humidity of the hydrogen and oxygen streams leaving the cell,
assuming water vapor equilibrium between electrolyte and exit gas.
Humidities were measured by weighing the water collected from the gases,
at known flow rates, in Drierite tubes. Equilibrium KOH concentrations
and overall gradients are shown in Table 3-3. In most tests where the
gradient was determined more than once, it remained nearly constant with
time (within two weight percent) for intervals as long as 1900 hours.

As is to be expected for an alkaline fuel cell, the concentra-
tion at the cathode was nearly always greater than at the anode. The
major exception occurred in Test 2-32% during the period 5T700-9400 hours.
Whereas for the first 4000 hours of this test, the direction of the

(2)

gradient had been normal, all exit gas humidity measurements made
during the interval showed & reversal in direction followed by a return
to the normal gradient direction. The reason for these reversals is not
yet apparent.

It can be seen that in the great majority of tests, 32 out of
42, the gradient was small (less than 4%) even at current densities as
high as 400-600 ma/cm?. This resulted primerily from the use of humidi-
fied inlet gases. Thus in tests with the Quinterra Asbestos matrix at
200-300 ma/cm® with dry gases (Tests -2-420, -425 and -421), the average

gradient was 8.2-9.7%. Operation with humidified gases at 400 ma/cm?, at
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vhich current density the gradients would be expected to be even higher,
reduced the average gradient to 3.0-4.5% (Tests 2-44S, -433 and -kkb),

The low level of this overall concentration gradient did not
in itself guarantee voltage stability. Nevertheless, results obtained
previously(z) indicate that they probably made possible the achievement of

near-stable performance at 400 ma/cm? end promising stebility at 600 ma/cm?.

3.3.1.6 Carbonate Build-up During Life Tests

As described in Section 3.3.1.2, the hydrogen and oxygen used in
these life tests were scrubbed first through Ascarite and then through
caustic solution. The carbon dioxide remaining in the scrubbed gases con-
verts some of the KOH within the cell to insoluble potassium carbonate.

Since the gases are not recirculated and in most tests are fed to the cell
at high flow rates (5-20 times stoichiometric) even trace quantities of
carbon dioxide passing the scrubbers, could lead to a considerable build-up
of potassium carbonate in long tests, particularly at high current densities.
The extent of this bulld-up was determined at the end of a number of tests
over a wide range of total gas flows. Figure 3-16 shows separate sets of
data for tests with Fuel Cell Asbestos and Quinterra Asbestos matrices.

With both matrices, the relationship between conversion and total gas flow
is approximately linear. From the slope of the curve for the tests with
Quinterra Asbestoes, it is eat;mntcd that approximately 0.5 ppm ecarbon dioxide
vas absorbed from the inlet gasses. Less extensive data for tests with the

Fuel Cell Asbestos matrix indicate an absorption close to 1.5 ppm,
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The extent to which the electrolyte can be converted to car-
bonate without causing unstable performance is of interest. Minimum
conversions are estimated in Table 3-L which combines the conversion
data of Figure 3-16 with the life test data of Table 3-2 for tests which
were stable with the highest total flow of reactant gases at a given
current density. It can be seen that stability is possible for con-
versions up to at least 28% at 100 ma/cm?® and up to at least 15% at
200-400 ma/cm?. Subsequent instsbility in the tests at 100 and 400 ma/cm?

was not necessarily due to additional carbonate build-up.

3.3.1.7 Crystallite Size of Life~Tested Electrodes

The fresh electrodes have an aversage platinum crystallite size
of 952. The effect of prolonged operation on crystallite size was
determined from X-ray diffraction measurements taken on the electrodes
at the end of tests covering a wide range of cell temperature (80-150°C),
current density (100-600 ma/cm?) and operating time (140-10,200 hours).
Table 3-5 shows crystallite sizes for the matrix side of these electrodes.

The cathode crystallite size was significantly higher (by
20-70:.) than that of the anode at 100°C and 400-600 ma/cm?, at 125°C
end 300 ma/cm? and at 150°C and 200 ma/cm?. (The data at 150°C was
reported previously.(z) At all lower current densities at these tempera-
tures both electrodes had substantially the same crystallite size. It
appears then that the current density at which the cathode crystallite
size becomes significantly higher than that of the anode decreases with

increasing temperature.
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Using the data of Table 3-5, Figures 3-17 and 3-18 show the
effects of time and temperature on the crystallite size of anode and
cathode respectively. Within the first 800 hours, the crystallite size
of the anode increases more rapidly at the higher temperatures while the
rate of increase of crystallite size at the cathod is approximately the
same at all temperatures. For test durations of 800-3200 hours, data
vere obtained et 90°C and 300 ma/cm?, 100°C and 200-600 ma/cm? and a£
125°C and 200 ma/cm?. While these data are widely scattered, they
indicate a general gradual rise in crystallite size to 155-1652 at both
electrodes. The lone exception appears to be a decrease in crystallite
size of the anode at 100°C and 400 ma/cm? to the level of fresh elee-
trodes in three different life tests. The reason rbr this is not yet
apparent.

The scatter of the data does not permit further correlation of

erystallite size with current density.
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TABLE 3-5

AVERAGE CRYSTALLITE SIZE OF LIFE-TESTED ELECTRODES

Average Crystallite

(a)

Current Test °
Temp. Densit¥ Duration Size (A) Of:
Test (°c) (ma/cm<) (Hours) Anode Cathode

Fresh

Electrodes —— —-— eme—- 95 95
2-357 100 100 5,007 115 105
2-32} 100 100 10,247 —_ 90
2-476 100 200 11k 110 125
2477 100 200 1,170 S 120
2-k25 100 200 3,330 150 155
2-491 90 300 L26 100 120
2184 90 300 911 160 165
2475 100 300 218 120 20
2-478 100 300 818 115 115
2-h21 100 300 2,150 135 150
2-433 100 400 512 135 155
2-hks 100 400 1,481 3 130
2-451 100 400 2,009 95 145
2-LL6 100 400 2,132 90 160
2-480 80 600 430 — 115
2-470 90 600 1,058 115 115
2-468 100 600 16k 100 130
2-hé5 100 600 696 110 150
2-430 125 200 808 160 140
2-428 125 200 1,721 160 165
2-LkLo 125 300 138 105 120
2-435 125 300 599 135 155
2-483 150 100 168 135 110
2-4k3 150 100 Lk 140 135
2_23(®) 150 200 256 120 140

(a) Messured on electrode face adjacent to matrix.
Reported previously.!?

(v)
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WORKING VOLTAGE (V)

CELL RESISTANCE
(MILLIOHMS)
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SMALL CELL LIFE TESTS AT ATMOSPHERIC PRESSURE
FUEL CELL ASBESTOS MATRIX: 90-100°C: 300 ma/cm?

Matrix Thickness: 20 Mils
90°C: 30% KOH: 2-489, 2-491
100°C: L40% KOH: 2-458, 2-475

0.8 - -
r\
0.80 -
2-489
0.79 ~
0.70 -
0.69 -
2-475
6 489 =
-k75 —
—— s — W1

LN B L) n

2 1 | ] ] |
100 200 300 400 500 600

Figure 3-6
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SMALL CELL LIFE TEST AT ATMOSPHERIC PRESSURE
CERIA-PTFE MATRIX: 150°C: 100 ma/cm2

KOH Conc.: 67%

<Lh1

Figure 3-

100 200 300 Loo

TIME (HOURS)

| d
=




WORKING VOLTAGE (V)

ISTANTE

(MILLIOHMS )

Pl

CELL RE
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SMALL CELL LIFE TESTS AT ATMOSPHERIC PRESSURE
CERIA-PTFE-PCTFE MATRIX: 125-150°C: 100-200 ma/cm?

125°C: 200 ma/cm@: 50% KOH: 2-466, 2-471, 2-481, 2482
150°C: 100 ma/cm?: 6T% KOH: 2-483

1.00 F

2-483

0.951

0.90

0.85

Figure 3-15




- 51 -

011

001 06

(¢-0T X SYELIT) TIED HONOWHL MO SVD TVIOL

oL 09 05 ot ot

0¢

91-¢ aan3tg

Nd

S03S9qSy RIISJUINY

o
XTI38W SO388qsy
1130 1ong

I _ ] _ I | T 4 i

I

SLSHIL TdIT ONIMNG €00%Y OL HOM J0 NOISHTANOD

ot

a1

01/

62

ot

Ge

of

Y



- 52 -

(SYNOH) NOILWMNA ISIL

009¢ 002t 00g<e cone 0002 0091 002t

LT=€ san3d1g

00g 0oo% 0

— 1 1 "~ 1 717 1t™1 ' |l

-
// — - \
NEO\Eoo:"P,oS/\ \

<%
el

- /»“
— &\%1

A

q

A

S

/

4

g /eul 00 $0.06  mo/ewm 00z :0,52T
zud fem 009 ‘00€ ‘002 10,001

zWo Jew 002-00T :0,05T |
mso\msoom-oom"oomma

-

08
06

0C1

00T

0Tt

0oct
0t1
ont
04T

091

SHAONY JALSHEL-TAIT 40 FZIS ELITIVLSAYD

(V) ®2IS FLITIVLSXYD TDVHIAV




- 53 «

009t

ooce

(SYNOH) NOILVHNQ ISHL

0082 001<S

0002

0091 002t 008

gT=-¢ °an3Td

00

.

|

Zud few
NEO\mE 009-

00¢
002

/

10,06

10,001 2o fem 002

_ _ [

7 zwo/em 002-00T  $0,04T
10,621 zW0 /8w QOE-002 0,521

08

001

o1t

02l

0tT

ont

06T

091

< 0L

SHAOHLYD THLSHL-AAIT 40 HZIS HLITIVLSAYD

-]

(V) 92IS FLITIVLSXMD EOVHAAY



T

3.3.2 Pressure Life Testing

All pressure life tests were run at 45 psig with humidified
geses, Cell and test station designs were described previously.(z)
The two types of cells (square and round design) are shown in Figures 3-19
through 3-21. Table 3-6 summarizes test conditions and results. Most
tests were run under conditions which had previously yielded stable per-
formance at atmospheric pressure. The variations of cell voltage and

resistance with time are shown in Figures 3-22 through 3-27. Tests are

discussed below according to matrix type.

3.3.2.1 Tests with Fuel Cell Asbestos Matrix

Figure 3-22 shows tests with the Fuel Cell Asbestos matrix at
100°C. Test 2-492 at 100 me/cm? is running at 50% KOH. The initial
voltage was 0.98 v. During 568 hours, the decline rate has been nearly
stable (5.0 mv/100 hours). A test at 200 ma/cw? (2-485) was run at L0%
KOH. The initial voltage was 0.92 v and the test was unstable during

96 hours.

3.3.2,2 Tests with Quinterra Asbestos Matrix

All tests with Quinterra Asbestos as the matrix were run at
100°C and 50% KOH, at the same inlet gas dew point (55°C) and exit H,/0,
ratio (1.0). The matrix has relatively poor wet strength and broke within

the land and groove area in 12‘ start-ups.
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Figure 3-23 shows tests at 100 ma/cm?. The average initial
voltage was 0.99 v. Test 2-4L0 with a KOH loading of 3.0 g/g matrix was
very stable for 350 hours at 0.98-0.99 v., giving a decline rate of only
0.5 mv/100 hours. The test was terminated when an emergency shutdown
switch waes accidentally tripped. Two tests (2-U453 end -46L) employing
lower KOH loadings (2.0-2.5 g/g matrix) were unstable during periods of
160-230 hours.

Tests at 200 ma[cmz are shown in Figure 3-2h, 1In four tests,
the initial voltage was 0.93-0.95 v, and averaged 0.9h4 v. Test 2-486
operating at & KOH loading of 2.5 g/g metrix has run stably for 900 hours
at 0.94 v and a decline rate of 1.6 mv/100 hours. By contrast, three tests

at lower loadings (2.0 g/g matrix) were very unstable (2-L43, -USO and -U59).

3.3.2.3 Tests with Ceria~PTFE Matrix

All tests with the 95/5 Ceria-PTFE matrix were run at 125°C.
Early tests employed 60% KOH but at the request of the NASA Project Manager,
later tests were limited to a maximum concentration of 50%. 50% KOH is
potentially advantageous because it is below the room temperature solu-
bility limit (52%) and thus would permit a battery system to be shut down
and then re-started at room tempersture without first diluting the elec-
trolyte. This potential advantage is gained at the expense of a decrease

in performance level at current densities up to 300-L400 ma/cm?.
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Figure 3-25 shows tests at 100 ma/cm’. Two tests were run at
60% KOH (2-438 and -456). Test 2-438, continued from the previous con-
tract was very stable for 540 hours at an impressively high voltage
level (1.02 v). The decline rate was only 0.5 mv/100 hours. Similar
excellent level of performance was obtained in a duplicate test (2-456)
wvhich ren at 1.02 v for 61 hours. Both tests were terminated when an
emergency shutdown switch was tripped accidentally. Test 2-461 run at
50% KOH was extremely stable for 660 hours at 0.99 v with no voltage
decline. The voltage continued constant at this high level for another
225 hours despite leakage of electrolyte out of the cell., Thereafter,

a severe gas leak terminated the run,

Tests at 200 ma/cm? are shown in Figure 3-26. Test 2-439,
with 60% KOH, ran stably for 860 hours at an outstanding voltage level
(0.99-1.00 v). The decline rate was 1.2 mv/100 hours. The test was
terminated vhen temporary interruption in the building power supply
opened the emergency solenoid valves in the gas exit lines and released
the cell pressure. A second test at 60% KOH (2-452) had a relatively low
initial voltage (0.97 v) for these operating conditions and was unstable
during 235 hours.

Test 2-46T employed 50% KOH. The cell operated stsbly for
1360 hours at 0.95-0.96 v and a decline rate of 0.7 mv/100 hours. There-

after, the metrix broke causing a gas cross leak and terminating the test.
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Thus far, 1360 hours represents the longest period of operation at 125°C
for a Ceria-PTFE matrix without breakage. A second test at 50% KOH (2-L462)
operated erratically during 1h6 hours and was terminated.

A comparison of test results at 50% and 60% KOH shows the sub-
stantial performance advantage at 100-200 ma./cm2 (30-50 mv) which is
gained by operating at the higher concentration.

Two tests were started at 300 ma[cm2 (Figure 3-27) with a
relatively thin matrix (15-16 mils compared to the usual 20-30 mils).
Both had very high initial voltages (0.95-0.96 v). Test 2-k93 was stable
for 193 hours at an average decline rate of 4 mv/100 hours. Test 2-488
was unstable during 167 hours. Both were terminated by partial plugging

in the hydrogen saturator.
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SQUARE DESIGN
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ROUND DESIGN
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TWO INCH PRESSURE CELL: ROUND DESIGN

ELECTRODE CAVITY
INLET & EXIT GAS PORTS

LANDS & GROOVES
BUTYL RUBBER
"0" RING

PTFE INSULATOR

Pigure 3-21
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SMALL CELL PRESSURE LIFE TESTS
FUEL CELL ASBESTOS MATRIX: 100°C: 100-200 me/cm2

Pressure: 45 psig
100 ma/cm2:  50% KOH: 2-492
200 ma/cm2: LO% KOH: 2-u485

1.0

0.95

0.90

WORKING VOLTAGE (V)
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CELL RESISTANCE
(MILLIOHMS)

2-492

0] 100 200 300 Loo 500
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Figure 3-22

600




WORKING VOLTAGE (V)

CELL RESISTANCE
(MILLIOHMS )

- 63 -

SMALL CELL PRESSURE LIFE TESTS
100 ma/cm?2

QUINTERRA ASBESTOS MATRIX: 100°C:

Pressure: L5 psig
KOH Conc.: 50%
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SMALL CELL PRESSURE LIFE TESTS
CERIA-PTFE MATRIX: 125°C: 300 ma/cm2

Pressure: U5 psig
KOH Conc.: 50%

T T |
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~
2488 Plug in
Ho Saturator
0.90
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~ o3
2 | | 1
0 100 200 300
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Figure 3-27
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L. LARGE CELL TESTING

Large cell testing aimed at duplicating with battery-size elec-
trodes the stable performance attained in samll cell life tests. Quinterra
Asbestos, Fuel Cell Asbestos and Ceria-PTFE were employed as matrices in
this effort. MajJor emphasis was place on operating with Quinterra
Asbestos because of its demonstrated superiority over the other two at

very high current densities (300-600 ma/cm?).

4.1 Test Stations

At the start of this contract, two test stations were available:
one for operation with dry gases only and the other for operation with
dry gases or with gases humidified in small vaporizers. These ststions
have been described in detail.(z)

During the current period, a new five station facility was
designed and contructed. The stations are suitable for operation with
either dry or humidified gases at pressures up to at least 60 psig. An
overall view of the stations is given in Figure UL-1 while Figure 4-2
shows one of the stations in more detail.

A schematic view of a typical station is shown in Figure h-3.
Hydrogen (General Dynamics) is supplied from a tank truck and contains
less than one ppm carbon dioxide. Oxygen (General Dynamics) is vaporized
from a liquid supply tank and contains less than one ppm carbon dioxide.

In order to further insure a negligible carbon dioxide content, both

gases are passed through Ascarite scrubbers located in the main line.
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At a station each gas flows through a solenoid valve, pressure
regulator and flowmeter and is then humidified in a small vaporizer before
entering the cell. Gas flow rates are controlled by needle valves posi-
tioned downstream from the cell. Water is fed to each vaporizer from a
supply tank pressurized with nitrogen to 15 psig above that of the reactant
gases. Needle valves control the water feed rate.

The vaporizer is shown schematically in Figure L-L, TIts temper-
ature is 150-170°C and, like that of the cell, is mainteined by an on-off
controller. Water enters the top section of the vaporizer which is packed
with stainless steel turnings and is veporized into the gas stream entering
at the bottom. The asbestos which insures a steady rather than a drop-
wise flow of water into the vaporizer and the packing which provides
greater heated surface area, prevent too rapid flashing which leads to
undesirable pressure surges. Lines from the vaporizers to the cell and
from the cell to the flow control valves are heated to prevent condensation.

The stations have several safety devices designed to prevent the
formation of en explosive mixture of hydrogen and oxygen in the system in
case of cross-leakage through the cell matrix. Single snd double check
valves are used to prevent any back flow of gas to the vaporizer or the
water feed tank. In the event of emergency, provision is made for rapidly
releasing the reactant gases through a solenoid valve in a branch of each
line leaving the cell. Simultaneously, solenoid valves located upstream
from the cell shut off the gas and water feeds to the station, open

nitrogen purges to both sides of the system and shut off the cell heater.
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The entire sequence can be initiated through a manual switch. It can also
be triggered automatically by a 5 psig rise or fall in system pressure
(through Mercoid pressure switches), by a 10°C rise in cell temperature
(through a high temperature cut-off instrument) or by a failure in the
vaporizer heater (through a low temperature cut-off instrument). The

drop in system pressure following shutdown trips the low pressure switch
which prevents the system from re-starting on its own. Manual switches
which by-pass these pressure and temperature safety devices permit test

start-up.

4L.,2 Test Cells

Five "six inch" cells, fabricated during the previous NASA
Contract,(z) vere used for life testing. The cells house six inch square
electrodes (234 cm? active area) and can withstand gas pressure up to at
least 60 psig. Figure 45 shows their initial design which was desecribed
previously.(Q) Although Fuel Cell Asbestos could be assembled in these
cells satisfactorily, difficulties were encountered in assembling them
with Quinterra Asbestos whose poor wet strength caused it to break
repeatedly and cause gas cross-leaks prior to start-up. Breskage occurred
principally in the érea between the electrode cavity and the concentric ring
seal area and in most cases probably resulted from hydraulic rupture of the
matrix. To minimize this problem, closely spaced linear grooves were
machined in the segment areas 6f four face plates as shown in Figure L-6.
The purpose of these grooves is to provide a reservoir for any electrolyte

squeezed out of the matrix during compression. In addition, the minimum

gaps available for the matrix were decreased. Thus as originally
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fabricated, the active area and segment areas of each face plate was
undercut 5 mils below the seal area which in turn was undercut 5 mils
below the area outside of the "0" ring. This limited the minimum gap
for the matrix to 12 mils in the circular groove seal area and to 22 mils
in the active area and segment areas when the cell was assembled with

the thinnest available insulator (2 mil) outside of the "O" ring. The
latter undercuts were eliminated in both face plates of two cells in
order to reduce these minimum gaps to 2 mils and 12 mils respectively.
This modification permitted greater degrees of matrix compression to

be applied.

4,3 Test Results

Figure L-T shows the different cell configurations, varying
with respect to groove locations and undercut dimensions, which were
employed in test start-ups. Table i-1 summarizes cell configurations,
cell assembly conditions and gas cross-leskage data for these start-ups.
In some assemblies, all grooves were packed with dry asbestos in order
to physically support the matrix while still maintaining an excess
electrolyte reservoir., The electrodes and spacer screens were cut to
fit snugly into the electrode cavity and prevent possible drooping of
matrix within the cavity. The two face plates were insulated from each
other outside the "0" ring seal by either 5-10 mil PTFE or by 2 mil
fluorocarbon polymer film. Life test conditions and results for

those assemblies which were free of cross-leaks are given in Table L-2.
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4,3,1 Tests With Quinterra Asbestos Matrix

Twenty-six assemblies were made with 20 mil Quinterra Asbestos
matrices in five different cell configurations. Gaps provided for the
matrix ranged from 5-23 mils in the seal area to 15-32 mils in the
active area and segment areas. Since the dry matrix swells to approx-
imately 50 mils when wet with electrolyte, it was compressed approximately
54-90% and 36-T0% in these respective areas.

During all start-ups the cells developed a cross-leak evidenced
in most cases by imposing a 2 psig differential pressure across the
matrix, either of nitrogen at room temperature or of hydrogen at 100°C.
In most csses, cross-leaks were caused by tears or pinholes, which
developed after the assembly, in the seal area, in the segment area,
or along the electrode edges. In a few assemblies, cross-lesks occurred
even in the absence of any visible openings in the matrix.

Cell configuration (2) caused less matrix tearing and less
cross-leakage than configuration (1), at nearly identical matrix
compression, when the grooves were not packed with asbestos. With
both configurations, packing the grooves lessened matrix tearing but
did not lessen cross-leakage.

No consistent effect of matrix compression on the amount of
tearing is evident, partly because the results were not reproducible.
Thus, when these gaps in the seal area and active area were 19 mils and
25 mils respectively (Configuration 2), nitrogen did not cross-lesk in
two assemblies (holding in one case a 10 psig pressure differential for

nearly two hours) but did cross-lesk in three other apparently identical
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assemblies. Nitrogen cross-leaks were also prevented in one assembly
with a 5 mil gap in the active area and a 15 mil gap in the seal area
(Configuration L4). The results were not reproducible partly because
the seals that were established were "borderline'". Thus two of the
assemblies which did not cross-leak with nitrogen cross-leaked with
hydrogen under the same differential pressure, either at room tempera-
ture or at 100°C.

Better sealing was obtained with 30 mil thick matrices in
cell configurations (1) and (2). Thus, in all five assemblies with a
18-19 mil gap in the seal area and a 25-2T7 mil gap in the active area,
no cross-leaks were encountered with a 2-10 psig differential of nitrogen
at room temperature. Three of these assemblies also did not cross-
lesk with & 2 psig differential of hydrogen at 100°C. However, cell
polarizations obtained for these assemblies showed poor initial per-
formance, particularly at current densities above 100 ma/cmz, compared
to that of a 20 mil matrix in a two inch cell (Figure L4-8). Additional
work is required to determine the cause.

One life test was started with the 30 mil matrix at 100°C, 45
psig, 50% KOH and 100 ma/cm2 on dry gases (73L4-179). The voltage
declined rapidly from 0.902 v to 0.877 v during 21 hours without any
significant rise in cell resistance. The voltege was increased to
0.896 v during the next 27 hours by lowering the gas flows to maintain
a 40% KOH concentration in the cell. The test was terminated by a

loss of hydrogen line pressure.
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Preliminary studies with the 20 mil Quinterra Asvestos matrix
in a flat plate six inch cell were carried out using silicone rubber
gaskets taped with PTFE to form the active area and maintein the seal.
This cell, whose design has been described in detail,(l) had previously
operated satisfactorily at atmospheric pressure with ACCO-I Asbestos as
the matrix.(z) Improved techniques for taping the gaskets were developed
to enable the cell to hold 45 psig without leaking, both at ambient temper-
ature and at 100°C. The Quinterra matrix broke severely within this cell
when no frame was used to limit its compression. A 10 mil PTFE frame

prevented breakage at room temperature but not at 100°C. Additional work

is planned at lower compression.

4,3.2 Tests with Fuel Cell Asbestos Matrix

After several unsuccessful attempts, both 15 and 20 mil Fuel
Cell Asbestos matrices were assembled in cell configursastions (3) and
(1) without breaskage or gas cross-leakage. Figure 4-9 shows polarization
curves obtained with these matrices at 100°C, 45 psig and 50% KOH. The
performance of the 20 mil matrix was the same as that in two inch cells
at current densities up to 200 ma/cmz, but was lower at higher current
densities. The performance of the 15 mil matrix was normal at current
densities up to approximately 400 ma/cmz, but was sgain lower at higher
current densities.

The assembly with thé 15 mil matrix was put on life test at
100 ma/cm® on dry inlet gases (8136-54). During 116 hours, the voltage

declined 52 mv and the test was terminated (Figure L4-10).
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4,3.3 Test with Ceria-PTFE Matrix

No breakage of the matrix or gas cross-leskage occurred during
start-up of & cell (Configuration 3) which was assembled with the 95/5
Ceria-PTFE matrix. A life test (8136-96) was run at 125°C, U5 psig,
50% KOH, and 100 ma/cm? on dry gases. The initial voltage was low
(0.93-0.86 v) and performance was erratic during 210 hours of operation

(Figure 4-10)




TABLF, 4=l

ASSEMBLY CONDITIONS FOR SIX INCH FRESSURE C%L_s

Gap for Matrix

(2) () Mils) in:
bry PIFE Circular Active
Cell Matrix Insulator Groove Ares & Grooves Location of
Configuration Thickness Thickness Seal Segment Packed With No Cross-Leakage Cross-Leakage Tears or Pinholes
Test Start-Up No, (Mils) (Miia) _Area _Area _Asbestos With: With: In Matrix
Quinterra Asbestos Matrix ]
c 0 : N
i 166m 0 13 22 No - N2 at 23°C (1) 5y
ZS%S&E?. &} 2 ou 13 22 Yes - ¥p at 23°C (k)
TOTom146 (1) 20 5 18 27 No - N2 at 23°C Ei} ()
T6T5=152 (1) 20 5 18 27 No - N2 at 25°C i) (3)
T076-163=2 (1) 20 5 18 27 Fo - N at 23°¢ (i) (>
730be1 3k (1) ¢ 5 18 27 No . Nz at 25°C {d;
7676=167=2 (1) 20 5 18 27 Yes - Np at 24°C [ENI )]
T 76o=16T=3 (1) 20 5 18 27 Yes - Ny at 2¥c (1)
TE76=16T=4 (1) 29 5 18 27 Yes - Kz at 23°C Jione
T5Tom169=1 (1) 20 5 18 27 Yes -- Ny at 23°C licre
TOTomL5h (1) 20 10 23 32 No - By at 23°C (i) {3
7676=169-2 2) 20 2la) 16 2 Yes - Ny at 2%°C (x)
73hb-190 2) 20 2(a) 16 22 Yes Ny at 23°C ilp at 23:0 -
7676101 2) 20 5 19 25 No = . N at 23°C (1i
7676102 (2) 20 5 19 25 fo W at 2¥e - (1)
(O L03m1 (2) 20 5 19 25 No Ny at 23°cle) - (i
767w 1651 (2) 20 5 19 25 No - N, at 23°C (r;,\r
(L76m105w2 (2) 20 5 19 25 No -- Ny at 25°C (v
T676mLii0m1 (2) 20 5 19 25 No .- K, at 23°C RN (Y
T6T0m150m3 (2) 20 5 19 25 Yes - N at 23°C Hone
T6G76=166-4 (2) 20 5 19 25 Yes - Ny at 23°C None
7676=172 (2) 20 5 19 25 Yes - Ny at 23°C {x)
8136-34 (3) 20 10 10 20 - - Np at 25°C (k)
8136mk5 3) 20 10 10 20 Yes - N, at 23°C [¢3]
8136-32 [US)] 20 5 5 15 - n, at 23¢c H, at 100°C Hone
T6Tbm100=2 () 20 5 16 23 No - Ny at 23°C 3
B136-61 (") Flat Plate type 20 - - - - - Ny at 23°C W
8136-62(8) Flat Plate type 20 - - - - Np at 2¥°C Hy at 100°C ) .
T3lh=156 (1) 30 5 18 27 No Ep at 2°C Hp at 100°C - 2
7676=163 (2) 30 5 19 25 Yes ¥, at 23°C - - !
fp at 100°C
T676-174 (2) 3 5 19 25 Yes N, at 23°¢ -- None
Hy at 100°C
734ka178 (2) 30 9 19 25 Yes Ny at 23°C Hy at 100°C -
73hb=179 (2) 30 5 1% 25 Yes N, at 23°C
h% at 20¢°C - -
Fuel Cell Asbestos Metirix
8136=48-3 (3) 15 10 10 20 No - Ny at 23°C ($
8136-UB=l (3) 15 10 10 20 Yes - Ny at 23°C (3
8136-49-1 (3) 15 10 10 20 Yes - Ny at 23°C None
8136-49-2 53) 15 10 10 20 Yes - N, at 23°C (x)
8136~53 3 15 10 10 20 Yes N, at 23°C
H5 st 100°C -
T676=158-2 (1) 20 5 18 | 27 No -— N, at 23°C (1)
T6TH=16k4 (1) 20 5 18 27 No N, at 23°C - None
é at 100°C
T676#158=1 (1) 20 10 23 32 No ol B, at 23°C None
7676-160 (2) 20 5 19 25 No - Ny at 23°C Jone
Cerie-PIFE Matrix
8136-96 3) 15-23(h) 5 5 15 No Hy at 125°C - -
HOTES

(a) When wet with electrolyte uncompressed 20 mil Fuel Cell Asbestos and Quinterra Asbestos swell to
28-30 mil and approximately 50 mils thick respectively.

(v} Insulator is of PTFE, unless specified otherwise.

(¢) TInsulator omitted to determine effect of mimimun matrix gap spacing with this cell configuration on
matrix breskage.

(d) Fluorocarbon film insulator.

{e) No cross-leskage under a 10 psig differential pressure for 110 mins,

(£} Mo frame around matrix to llmit compression. .

(g) PTFE frame around matrix limited compression to 10 mils.

(i) Thickness of matrix saturated with electrolyte.

(i) Tears or pinholes in matrix adjscent to circular groove ares of face plates,
{J) Tear: of pirholes in matrix adjecent to segment areas of face plates.

(k) Tears or pinholes in matrix near edge(s) of electrodes,

(1) Tears or pinholes in matrix between electrodes and gaskets of flat plate cell,
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LARGE CELL PRESSURE LIFE TEST STATIONS

ivi«ﬁ.;,,-. s

BI gy g, L

Figure 4«1
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LARGE CELL PRESSURE LIFE TEST STATION

CELL

LOAD BANK

TEMPERATURE INDICATOR

HIGH TEMPERATURE
CUT-OFF

GAS AND WATER

ROTAMETERS

VOLTAGE RECORDER
GAS FEEDS
WITH PRESSURE EMERGENCY PURGE
REGULATORS SWITCH AND BYPASS

AND SOLENOIDS SWITCHES FOR PRES-
SURE AND TEMPERA-

TURE CUT-OFFS

TEMPERATURE
CONTROLLER

Figure L-2
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VAPORIZER DESIGN

HUMIDIFIED
HYDROGEN
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o et
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SOV NSONNNANANNNYNANANY

STAINLESS
STEEL
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Figure h-k
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SIX INCH PRESSURE CELL: ORIGINAL

ELECTRODE
CAVITY WITH
GAS PORTS

LANDS & GROOVES

BUTYL RUBBER
lloll RIN-G

PTFE INSULATOR

Figure k-5




LANDS & GROOVES

BUTYL RUBBER
"0" RING

Figure L4-6
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LARGE PRESSURE CELLS - CONFIGURATIONS USED FOR TEST ASSEMBLIES

ELECTRODE '
CAVITY
B'
a/ | '
PTFE ot
INSULATOR MATRIX
\ J
C
D |
"o" RING B \ ELECTRODE
— CAVITY
\ l
CELL GROOVES UNDERCUT
CONFIGURATTION IN DIMENSION (MILS)
NO. SECTIONS : o D ok D!
(1) A,B,A',B' 5 5 8 L
(2) A,B,A' €& 2 8 I
(3) A,B 0o 5 0 5
(%) AAY o 5 0 5
(5) ALA 6 2 5 5

(a) Sections A and A' are circular.

(b) Sections B and B! are segmental.

Figure LT
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INITIAL PERFORMANCE OF QUINTERRA ASBESTOS MATRIX

1.15
| I [ l 1 [ I |
o\ — Temp. :  100°C ]
1.10 F Pressure: L5 psig
\ KOH Conec.: 50%
30 Mil Matrix: Six Inch Cell
-------- 20 Mil Matrix: Two Inch Cell
1.05 [~ —
1.00 — ]
95 - —
.90 r— -
~
~
~
8 ~\\\\\\ ]
~
A T3blh-11k
(0.12 Ohm-cm?)
.80 |- —
075 [~ ‘
.70 | —
. T344-156
(1.03 Ohm-cm?)
73k4-179
(0.%4 Ohm-cm?)
.65 I
7676-~169-3
(0.42 Ohm-cm?)
.60 I I | [ | l l
0 100 200 300 hoo 500 600 T00 800

Figure 4-8

CURRENT DENSITY (ma/cm?)
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INITIAL POLARIZATION OF FUEL CELL ASBESTOS MATRIX

i I | l | | T

Temp.: 100°C

Pressure: U5 psig

KOH Conec.: 50%

8136-54: 15 Mil Matrix: Six Inch Cell

7676-164: 20 Mil Matrix: Six Inch Cell

8136-88 & 8136-110: 20 Mil Matrix: Two Inch Cell

WORKING VOLTAGE (v)

0.65 | | | | | I |

8136-88 & 8136-110
0.85 [— S (0.15-0.17 Qhm-cm? )

g 8136-5h
(0.21 Ohm-cm?)

164

0 100 200 300 Loo 500 600 700

CURRENT DENSITY (ma/cm?)
Figure L-9
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LARGE CELL PRESSURE LIFE TESTS

Pressure: U5 psig

8136-5k: 15 Mil Fuel Cell Asbestos Matrix: 100°C: 50% KOH
8136-96: 20 Mil Ceria-PTFE Matrix: 125°C: 50% KOH

1.0

8136-5k4

0.90

8136-96

0.85

WORKING VOLTAGE (V)
(=]
\O
\N
— u l /
l

2.k —
8136-96
2.0

%

1.6
8136-54

1.2

CELL RESISTANCE (MILLIOHMS)

| | 1 |
100 200 300 400 500

0.8

TIME (HOURS)
Figure 4-10
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